The prelimbic region (PL) of the medial prefrontal cortex (mPFC) is implicated in the relapse of drug-seeking behavior. Optimal mPFC functioning relies on synaptic connections involving dendritic spines in pyramidal neurons, whereas prefrontal dysfunction resulting from elevated glucocorticoids, stress, aging, and mental illness are each linked to decreased apical dendritic branching and spine density in pyramidal neurons in these cortical fields. The fact that cocaine use induces activation of the stress-responsive hypothalamo-pituitaryadrenal axis raises the possibility that cocaine-related impairments in mPFC functioning may be manifested by similar changes in neuronal architecture in mPFC. Nevertheless, previous studies have generally identified increases, rather than decreases, in structural plasticity in mPFC after cocaine self-administration. Here, we use 3D imaging and analysis of dendritic spine morphometry to show that chronic cocaine self-administration leads to mild decreases of apical dendritic branching, prominent dendritic spine attrition in PL pyramidal neurons, and working memory deficits. Importantly, these impairments were largely accounted for in groups of rats that self-administered cocaine compared with yoked-cocaine-and saline-matched counterparts. Follow-up experiments failed to demonstrate any effects of either experimenter-administered cocaine or food self-administration on structural alterations in PL neurons. Finally, we verified that the cocaine self-administration group was distinguished by more protracted increases in adrenocortical activity compared with yoked-cocaine-and saline-matched controls. These studies suggest a mechanism whereby increased adrenocortical activity resulting from chronic cocaine self-administration may contribute to regressive prefrontal structural and functional plasticity.
Introduction
A considerable amount of research has focused on understanding the role of the prefrontal cortex in the neurobiology of cocaine addiction. Imaging studies in cocaine addicts reveal decreases in prefrontal gray matter density and diminished metabolic activity during non-drug-related tasks in prefrontal cortical and associated frontal networks (Goldstein and Volkow, 2011) , whereas animal studies have identified the prelimbic area (PL) of the medial prefrontal cortex (mPFC) as a critical brain region driving the relapse to drug-seeking behavior (McFarland and Kalivas, 2001; LaLumiere and Kalivas, 2008; Stefanik et al., 2013) . Collectively, these studies suggest that cocaine administration may ini-tiate the reorganization of prefrontal networks, thereby contributing to the process of compulsive drug use (Jentsch and Taylor, 1999) .
Optimal functioning of mPFC relies on excitatory synaptic connections involving dendritic spines in pyramidal neurons (Goldman-Rakic, 1995; Morrison and Baxter, 2012) . It has been widely documented that pyramidal neurons in mPFC undergo dendritic shortening, spine loss, and prefrontal functional impairment after prolonged stress and/or exposure to adrenocortical hormones (Wellman, 2001; Liu and Aghajanian, 2008; Hains et al., 2009; Gourley et al., 2013) . That acute and repeated cocaine administration induce activation of the stress-responsive hypothalamo-pituitary-adrenal (HPA) axis and sensitized HPA responses, respectively (Rivier and Vale, 1987; Mendelson et al., 1992; Mantsch et al., 2007) , suggest that elevated adrenocortical activity during repeated cocaine administration may contribute to prefrontal network reorganization. Support for this idea may also derive from determining whether drug regimens that differentially activate the HPA axis are accompanied by distinct structural outcomes in mPFC because several studies highlight augmented HPA output in rats selfadministering cocaine compared with yoked counterparts receiving the same amount of drug (Broadbear et al., 1999; Galici et al., 2000) .
To date, a number of studies have examined the relationship between repeated cocaine administration and gross morphology of mPFC neurons (for review, see Robinson and Kolb, 2004) . However, much of this knowledge is based on quantification of dendritic spines using manual counting methods performed in Golgi-labeled material that undersample spine densities in cortical neurons and systematically undersample thin subtypes (for discussion, see . Because thin spines comprise the majority of the total spine population in cortical pyramidal neurons (Harris and Stevens, 1989; and are implicated in optimal prefrontal network functioning (Arnsten et al., 2010; , lowerresolution methods for visualizing dendritic spines are limited in their capacity to identify the key structural synaptic attributes resulting from repeated cocaine administration.
Here, we critically examined the effects of chronic cocaine self-administration on structural plasticity in PL using a highthroughput 3D morphometric analysis of dendritic spines (Rodriguez et al., 2006; Radley et al., 2008) . Whereas 2 weeks of cocaine self-administration resulted in diminished structural plasticity in PL neurons and accompanying working memory impairments, these effects were largely absent in the yokedcocaine group compared with saline-treated controls. Moreover, we verified previous reports showing that adrenocortical output is augmented by cocaine administration and is more protracted in rats that were permitted to receive the drug contingently instead of passively. Collectively, these data suggest that increased adrenocortical activity resulting from cocaine self-administration may contribute to regressive prefrontal structural and functional plasticity.
Materials and Methods

Animals
Male Sprague Dawley rats (9 -10 weeks and 250 -275 g at time of arrival; Charles River Laboratories) were single-housed in an AAALACapproved vivarium on a 12 h reverse light/dark cycle (lights off at 1800) with ad libitum access to food and water. All rats were acclimated to their housing facility for a minimum of 5 d before undergoing surgery. All procedures were in accordance with the National Institutes of Health's Guide for the Care and Use of Laboratory Animals and approved by the University of Iowa Institutional Animal Care and Use Committee.
Cocaine self-administration
The procedures performed are based upon previous reports (McFarland et al., 2003; LaLumiere and Kalivas, 2008; LaLumiere et al., 2012) . To allow for the repeated administration of cocaine, rats were implanted with indwelling jugular catheters 7 d before drug reinforcement training. Rats were anesthetized with ketamine (100 mg/kg, i.m.) and xylazine (6 mg/kg, i.m.). Ketorolac (3 mg/kg) was given as an analgesic on the day of surgery and the day immediately after surgery. For implantation of intravenous catheters, a 13 cm piece of beveled SILASTIC tubing was slid subcutaneously from the dorsal to the ventral side of the rat and the beveled end of the tubing was inserted into the left jugular vein. A silicone ball was adhered to the SILASTIC tubing 4 cm from the beveled end of the catheter to serve as a stopping point during insertion. Catheters were secured in place using silk sutures. The nonbeveled end of the catheter was externalized through a small hole in the skin between the rat's shoulder blades and was connected to a 22 gauge guide cannula that was affixed in the middle of a harness which was looped around the rat's forelimbs. Immediately after surgery, rats were administered 3 ml of sterile saline subcutaneously and received a local anesthetic (bupivacaine). Rats were then returned to their home cages and permitted to recover for 5-7 d before the initiation of any behavioral procedures. During the interim, catheters were flushed daily with 0.1 ml of heparinized saline (100 USP) to ensure catheter patency and 0.1 ml of cefazolin (100 mg/ml) to reduce the risk for postsurgery infection.
All self-administration experiments occurred in standard operant chambers (Med Associates) that were equipped with two retractable levers, two cue lights, a house light, and a tone generator (4500 Hz). Before the start of self-administration training, rats were randomly assigned to either the cocaine self-administration group or a yoked group (cocaine or saline). All rats, regardless of group assignment, were food deprived for 24 h before a 15 h overnight food-training session, during which each active lever press resulted in a single food pellet (45 mg) on a fixed-ratio 1 (FR1) schedule. After the completion of food training, rats were maintained on ϳ20 g of food daily, which was continued for the duration of self-administration training. Before the start of self-administration training, intravenous catheters from each rat were checked for patency using 0.1 ml of sodium brevital (1 mg/ml), which produces a momentary loss of the righting reflex.
Training sessions all lasted 2 h, during which an active and inactive lever was present, along with the illumination of a house light. For rats in the self-administration group, one press of the active lever resulted in a single infusion of cocaine (50 l infusion of 200 g of cocaine HCl dissolved in sterile saline given over 2.18 s; cocaine kindly provided by the National Institute on Drug Abuse, NIDA) and a 5 s light and tone cue on an FR1 schedule. A 20 s timeout period followed each infusion. Inactive lever presses had no consequence. Rats in the yoked groups received noncontingent infusions of either cocaine or saline through a direct yoking procedure to the self-administering rats or through a preprogrammed session patterned after previous self-administration infusions in rats given contingent cocaine. For rats in the yoked groups, presses on the active and inactive lever had no consequences. Rats underwent daily self-administration 6 d a week for a minimum of 12 d. To conclude training, each group of rats was required to receive at least 10 infusions of cocaine or saline per day for at least 10 d, including the last 3 d of self-administration, and to demonstrate discrimination between the active and inactive lever.
Experiment 1: Fluorescent dye-filling and morphometric analyses after repeated cocaine self-administration
Histology and tissue processing. At the end of the daily cocaine selfadministration procedure, all three groups of rats (yoked-saline, yokedcocaine, cocaine self-administration) were returned to their home cages and restored to ad libitum access to food. Two weeks later, rats were anesthetized with sodium pentobarbital (100 mg/kg, i.p.) and perfused with 100 ml of 1% paraformaldehyde and 0.125% glutaraldehyde in 0.1 M PBS, pH 7.4, followed by 500 ml of 4% paraformaldehyde and 0.125% glutaraldehyde in 0.1 M PBS, pH 7.4, at a flow rate of 55 ml/min. The descending aorta was clamped to limit the flow of fixative to the head and upper extremities and to prevent fixation of the adrenal glands. Immediately after perfusions, the adrenal glands were extracted and weighed and brains were removed and postfixed for 3-4 h. After postfixation, the pregenual pole of the cortex was sectioned coronally into 250-m-thick slabs using an oscillating tissue slicer (VT-1000S; Leica) and was stored in 0.1 M PBS containing 0.1% sodium azide at 4°C until the time of cell loading.
Intracellular dye injections. The procedures used here are based on previous reports using the same methodology Radley et al., 2008; Anderson et al., 2014) . Coronal tissue slabs were treated in the DNA-binding fluorescent stain 4Ј,6-diamidino-2-phenylindole (DAPI, Invitrogen) to distinguish between nuclear lamination patterns that distinguish PL from other adjacent-lying prefrontal cortical subfields. DAPI-treated sections were mounted on nitrocellulose filter paper, submerged in a tissue culture dish containing 0.1 M PBS, and viewed under fluorescence using a fixed-stage microscope (Leica DM5500). Injections of 5% Lucifer yellow (Life Technologies) were made by iontophoresis through micropipettes (1-2 m inner diameter) under a DC current of 1-6 nA for 5-10 min. The general technique for cell filling involved carefully observing the passive diffusion of LY resulting from application of a negligibly small amount of current from the advancing micropipette tip under 40ϫ magnification. LY diffuses amorphously until hitting a dendritic process or cell body, whereby the dye becomes restricted intracellularly. After several neurons were filled intracellularly, tissue sections were mounted onto glass slides and coverslipped in Vectashield (Vector Laboratories).
Neurons in layers 2/3 and 5 were selected for the PL dye injection procedure based upon the distinguishing cytoarchitectonic features of this region, notably a more densely packed layer 2 and a broader layer 5. Neurons in lateral orbitofrontal cortex (LO) and motor cortex (M1-2) were also selected for dye filling to provide additional information about treatment effects on dendritic spine alterations in other frontal cortical structures. LO was identified as occupying the region immediately caudal to the union of the olfactory bulb and hemispheric frontal pole beginning in the dorsal bank of the fundus of the rhinal sulcus and extending laterally. M1 was readily identified as occupying a large swath of the dorsal surface of the frontal hemisphere.
Digital reconstructions of PL neurons. Pyramidal neuron dendritic arbors from layers 2/3 of PL were reconstructed in 3D using a computerassisted morphometry system consisting of a Leica DM4000R equipped with an Applied Scientific Instrumentation MS-2000 XYZ computercontrolled motorized stage, a QImaging Blue digital camera, a Gateway computer, and morphometry software. Neurons were visualized and the dendritic tree was reconstructed using a Leica Apochromat 40ϫ objective with a numerical aperture (NA) of 1.4 and Neurolucida software (MBF Biosciences). All reconstructions and analyses were performed by an experimenter unaware of the treatment condition for each rat.
A series of strict criteria were used for inclusion of pyramidal neuron apical and basal dendrites for morphologic analysis. To be considered for analysis, LY-filled PL neurons had to exhibit complete filling of the dendritic tree, as evidenced by well defined endings. For apical dendrites, the fact that the primary shaft generally coursed parallel or gently downward from the top surface of the section (i.e., sections were flipped in instances where apical dendrites coursed upward out of the top surface of the section) optimized the probability for retaining complete dendritic arbors. However, because the dye-filling procedure was performed in sections that were only 250 m thick, it was virtually impossible to retain an entirely intact apical dendritic arbor with no truncations. Therefore, apical dendrites included in the analysis retained intact secondary and tertiary branches, with truncations permitted only in collateral branches that appeared to be nearing the point of termination or were deemed unlikely to make any significant bifurcations. These criteria prohibited the inclusion of layer 5 PL neurons in dendritic morphologic analyses because the apical dendritic trees in this subpopulation traverse significantly greater distances than layer 2/3 neurons (450 -500 m vs 250 -350 m) before reaching the pial surface.
PL neurons in layers 2 and 3 exhibited some qualitative differences in their gross dendritic morphology; deeper-lying layer 3 neurons possessed apical dendrites with elongated primary dendrites before the first truncation point (ϳ75-125 m, notwithstanding collateral branching), whereas more superficially situated layer 2 neurons contained shorter distances to the first branch point (ϳ25-75 m). Nevertheless, consideration of these subsets as morphologically distinct subpopulations in ancillary analyses failed to demonstrate any quantitative differences that warranted partitioning them into distinct groupings. For basal dendrites, it was common to retain an average of 1-3 entirely intact arbors for a given LY-filled neuron so analyses on intact branches were performed for this category.
Confocal laser scanning microscopy and dendritic spine analysis. 2D renderings for neurons in PL, LO, and M1 were obtained using Neurolucida software and a radial distance of 150 m from the soma was selected as the boundary delineating proximal and distal portions of the dendritic tree. Within these regions, branches were randomly selected for each neuron for an average of three segments per neuron and five neurons for each rat. The selection criteria for confocal imaging of dendritic segments are based upon previous reports Radley et al., 2008) and were as follows: (1) possess a diameter of Ͻ3 m because largerdiameter dendrites in pyramidal neurons exhibit greater variability in spine density values, (2) reside within a depth of 70 m from the top surface of the section due to the limited working distance of the optical system, (3) be either parallel to or course gently relative to the coronal surface of the section (i.e., this helps to minimize z-axis distortion and facilitate the unambiguous identification of spines), and (4) have no overlap with other branches that would obscure visualization of spines. z-stacks were collected on a Leica SP5 confocal laser-scanning microscope equipped with an argon laser and a 100ϫ, 1.4 NA oil-immersion objective using voxel dimensions of 0.1 ϫ 0.1 ϫ 0.1 m 3 . Settings for pinhole size (1 airy disc), gain, and offset were optimized initially and then held relatively constant throughout the study to ensure that all images were digitized under similar illumination conditions at a resolution of 512 ϫ 512 pixels.
Images were deconvolved with AutoDeblur (Media Cybernetics) and spine analyses were performed using the semiautomated software NeuronStudio (Rodriguez et al., 2006; Radley et al., 2008 ; http://research. mssm.edu/cnic/tools-ns.html), which analyzes in 3D dendritic length, spine density, and morphometric features (i.e., head/neck diameter, length, subtype) for each dendritic spine. Spines were classified as thin or mushroom if the ratio of the head diameter-to-neck diameter was Ͼ1.1. If their ratio exceeded this value, spines with a maximum head diameter Ͼ0.4 m were classified as mushroom or were classified as thin. Spines with head-to-neck diameter ratios Ͻ1.1 were also classified as thin if the ratio of spine length-to-neck diameter was Ͼ2.5, otherwise they were classified as stubby. A fourth category, filopodial spines, were considered to have a long and thin shape with no enlargement at the distal tip, were very seldom observed, and were classified as thin. Finally, data readouts from the spine analysis algorithm were visually compared by the experimenter for each optical stack to verify accurate subtype classifications for dendritic spines.
Experiment 2: Dendritic and spine morphometric analyses after repeated cocaine injections
In a separate experiment, we used a commonly used cocaine administration protocol to test the capacity of noncontingent cocaine administration to induce structural alterations in mPFC neurons (Robinson and Kolb, 1999; Lee et al., 2006; . Rats were housed in pairs in a 12:12 light-dark cycle (lights on at 06:00) and given ad libitum access to food. After 5 d of daily handling, groups of rats were given repeated intraperitoneal injections of 15 mg/kg cocaine HCl (n ϭ 8; cocaine provided by NIDA) or saline vehicle injections of the same volume (n ϭ 8). Injections were 5 d/week for a 4-week period and then remained for another 4 weeks before tissue harvesting for the cell-loading procedures, as described above.
Experiment 3: Dendritic and spine morphometric analyses after food self-administration
This series of experiments was conducted to address the possibility that another type of reinforcement learning could explain the structural def-icits that were observed in PL neurons after repeated cocaine selfadministration. As in the foregoing cocaine self-administration experiments, rats were acclimated for 5-7 d before the initiation of operant behavioral training. All food self-administration experiments were conducted in the same operant chambers described above. Before the start of self-administration training, rats were randomly assigned to either the food self-administration (n ϭ 7) group or the yoked-food (n ϭ 5) group. All rats, regardless of group assignment, were food deprived 24 h prior to their first training session. Rats in the food experiment did not undergo overnight food training before the start of self-administration procedures. Throughout the course food self-administration, all rats were maintained on ϳ20 g of food daily.
Training sessions were identical to those performed for cocaine selfadministration, with the exception that pressing the active lever produced a single food pellet along with the 5 s light and tone cue (FR1 schedule). A 20 s timeout period followed the delivery of each food pellet and pressing of the inactive lever had no consequence. Yoked-food rats were paired with a self-administering rat and received a single food pellet each time their partner self-administered a food pellet. Rats underwent daily self-administration sessions 6 d a week for a minimum of 12 d. To conclude training, both groups of rats were required to receive at least 50 food pellets per day for at least 10 d, including the last 3 d of selfadministration, and to demonstrate discrimination between the active and inactive lever. After the completion of the self-administration training, rats were given food and water ad libitum until perfusion and tissue harvesting for the cell-loading procedure.
Experiment 4: Examination of adrenocortical and prefrontal functional alterations after cocaine self-administration
Blood collection and radioimmunoassay. To assay for changes in adrenocortical activity as a function of repeated cocaine administration, plasma corticosterone was repeatedly sampled from yoked-saline, yoked-cocaine, and cocaine self-administration rats on the first and last days of cocaine self-administration (days 1 and 12). Blood samples were taken immediately before each self-administration session and at 0, 30, and 60 min after the end of the entire 2 h self-administration session. For blood collection, rats were restrained briefly (ϳ15-30 s) and a small longitudinal incision was made at the distal tip of the tail with a sterile blade. Whereas previous reports have shown that contingent cocaine administration produces enhanced HPA axis activation compared with noncontingent drug exposure (Broadbear et al., 1999; Galici et al., 2000) , we did not perform repeated blood sampling during the actual drug administration sessions because our method of blood collection would have disrupted the behavior. Blood samples (ϳ200 l) were collected into chilled plastic Microfuge tubes containing EDTA and aprotinin, centrifuged, and fractionated for storage of plasma at Ϫ80°C until assayed. Plasma corticosterone was measured without extraction using an antiserum raised in rabbits against a corticosterone-BSA conjugate, and 125 I-corticosterone-BSA as tracer (MP Biomedicals). Assay sensitivity was 0.8 g/dl; intra-assay and inter-assay coefficients of variation were 5% and 10%, respectively.
Delayed alternation testing. After the last day of the self-administration procedure, rats were returned to their home cages for 2 weeks and allowed ad libitum access to food throughout this time. Thereafter, they were again placed on a restricted diet (ϳ20 g/d) and trained in a prefrontal-dependent spatial working memory task: delayed alternation using a T-maze (Ramos et al., 2003; Anderson et al., 2014) .
Rats were first habituated to a T-maze (90 ϫ 65 cm; 40 cm opaque walls surrounding the perimeter) over a several-day period using miniature chocolate chips as a food reward for running to either goal arm in Ͻ60 s. Next, rats were subjected to a forced alternation period of training where they were only rewarded with chocolate after entering the opposite goal arm that they were in previously. Between trials, the maze was wiped clean with 95% ethanol to prevent olfactory cues from determining choice. After 3 consecutive days of 10 trials/d, rats were trained until they could spontaneously alternate between goal arms (i.e., chocolate was present in both goal arms, although rats were only rewarded for entering the opposite arm from the previous trial). Once training criterion was reached, testing involved 8 trials/d over 6 consecutive days. The delays between each trial were semirandomly varied at 15, 30, or 60 s (on a given day, the same pattern was used for all rats). During the delay interval, rats were placed in the holding cage and the maze was cleaned with 95% ethanol. The percentage of correct choice alternations made at each delay interval (15, 30, 60 s) was obtained for each rat and overall averages were expressed as a function of treatment group.
Statistics
Data from the dendritic branch (i.e., layer 2/3 PL neurons) and spine morphometric (i.e., layers 2/3 and 5 PL, LO, and M1) experiments were averaged from each rat (3-4 segments/neuron, 5 neurons/rat, 5-9 rats per group; see figure legends for numbers of animals used for each analysis) as a function of treatment status. The final group sizes for the structural plasticity experiment were lower than our starting values shown in Table 1 . This difference is due to the fact that different subpopulations of neurons were used for dendritic and spine morphologic analyses (e.g., only layer 2/3 PL neurons were analyzed for dendritic morphology) and that the success rate from perfused rats that yield suitable numbers of fluorescent dye-filled neurons for inclusion into the analysis is ϳ65-75%. Finally, attempts made to fill cells in LO and M1 were only performed in a subset of this total cohort.
The effects on overall dendritic length, number of branch endings, and dendritic spine and subtype densities were compared with a one-way ANOVA as a function of treatment group. Blood corticosterone levels at each time interval (at pretraining and 0, 30, and 60 min posttraining; days 1 and 14) and delayed alternation performance at each interval (15, 30, and 60 s) were compared using a repeated-measures ANOVA with factors of treatment group (cocaine self-administration, yoked-cocaine, yoked-saline) and the time intervals as within-subjects factors for the corticosterone data (minimum days for corticosterone data; 15, 30, and 60 s for delayed alternation data). All pairwise comparisons were made using Fisher's least-significant difference with significance set at p Ͻ 0.05 and data are expressed as mean ϩ SEM. Cumulative distribution differences for certain spine parameters (length, head diameter, volume, mushroom head diameter, mushroom volume, thin head diameter, thin length) were evaluated using the Kolmogorov-Smirnov test with MATLAB software.
Results
Cocaine self-administration induces regressive structural plasticity in PL neurons
Characterization of rats chronically given cocaine Rats underwent cocaine self-administration for 14 d, with 6 2 h daily sessions per week or served as yoked-saline or yokedcocaine control rats. The yoked groups received passive infusions of either saline or cocaine in a similar temporal pattern as their counterparts receiving contingent cocaine (i.e., via direct yoking or preprogrammed infusions based upon previous selfadministration behavior). The mean number of daily cocaine infusions was comparable across groups (25 Ϯ 1; Fig. 1 ) and the average daily dose of cocaine treatment was 15.4 Ϯ 0.7 and 15.4 Ϯ 0.8 mg/kg in the yoked-cocaine and cocaine self-administration groups, respectively (Table 1 ). In contrast, the average daily number of inactive lever presses remained static across treatment groups (Fig. 1) .
Because it has been established previously that contingent cocaine administration produces more robust activation of the HPA axis than noncontingent exposure (Broadbear et al., 1999; Galici et al., 2000; Mantsch et al., 2007) , we sought to verify this by assaying for differences in adrenal gland sizes at the end of the 14 d withdrawal period as a function of experimental treatment (also see data from Experiment 2, below). Adrenal gland hypertrophy is one of the hallmark signs of chronic HPA axis activation and is associated with elevated glucocorticoid secretion in rodents and humans (Rubin et al., 1987; Nemeroff et al., 1992; Anderson et al., 2014) . One-way ANOVA as a function of treatment status revealed main effects for both adrenal weight (F (2,51) ϭ 4.3; p ϭ 0.02) and adrenal weight-tobody weight ratio (F (2,51) ϭ 4.7; p ϭ 0.01), with cocaine selfadministration rats showing selective increases in adrenal weight relative to both yoked-saline and yoked-cocaine groups ( p Ͻ 0.05 for each; Table 1 ).
Dendritic morphologic and spine density in PL
Given that a variety of repeated cocaine administration regimens induce structural modifications in prefrontal pyramidal neurons (Robinson and Kolb, 1999; Robinson et al., 2001; Shen et al., 2009; Gourley et al., 2012; Muñoz-Cuevas et al., 2013) , we first examined the effects of 2 weeks of cocaine self-administration followed by a 2 week home cage withdrawal period on dendritic structural alterations in fluorescent-dye-labeled neurons in layers 2/3 of PL ( Fig. 2A) .
One-way ANOVA revealed main effects for apical dendritic length (F (2,18) ϭ 4.6, p ϭ 0.03), with post hoc comparisons showing a statistically significant 16% decrease in the cocaine selfadministration group compared with yoked-saline rats ( p ϭ 0.01) and a nonsignificant trend relative to the yoked-cocaine group (by 7.5%, p ϭ 0.08; Fig. 2B ). Analysis of apical dendritic length changes as a function of radial unit distance from neuronal perikarya (Sholl analysis) failed to reveal any region dependence of dendritic changes as a function of repeated cocaine treatment (data not shown). In contrast, noncontingent cocaine exposure, as assessed by the yoked-cocaine group, did not result in any significant reduction in apical dendritic length compared with yoked-saline rats ( p ϭ 0.2). No decreases in the number of branch endings on apical dendrites were evident after cocaine administration in either treatment group and basal dendrites failed to demonstrate any sensitivity to repeated drug administration (Fig. 2B) .
For the analysis of dendritic spine density as a function of treatment group, different subdivisions of the dendritic tree (Ͻ150 m apical, Ͼ150 m apical, Ͻ150 m basal) were selected for highresolution confocal laser scanning microscopic imaging of dendritic segments across layers 2/3 and layer 5 pyramidal neurons (Fig.  3A,B) . 3D digital renderings of dendritic segments were deconvolved, followed by the analysis of spine density and morphology using the semiautomated software NeuronStudio (Rodriguez et al., 2006; Radley et al., 2008;  Fig. 3C ). For this experiment, a combined total of 89,184 spines were analyzed (27,571 yoked-saline; 34,432 yoked-cocaine; 27,181 cocaine self-administration) from 227 neurons from layers 2/3 and 5 of PL (74 yoked-saline; 86 yoked-cocaine; 67 cocaine self-administration).
Repeated cocaine self-administration induced decrements in overall (i.e., throughout apical and basal regions) dendritic spine Figure 1 . Line graphs displaying operant and infusion data from rats included in the dendritic spine morphologic analyses. Rats underwent cocaine self-administration (SA cocaine) in daily 2 h training sessions for a minimum of 12 d using an FR1 schedule of reinforcement with a 20 s timeout. In addition, some rats were yoked to the SA rats and received noncontingent infusions of cocaine (yoked-cocaine) or saline(yoked-saline)orreceivedaprogramofnoncontingentinfusionsbaseduponpreviousoperantbehaviorfromSAcocainerats.A,Infusionsofcocaine(200gcocaine/infusion)orsalineacrossthelast12d of self-administration. Active (B) and inactive (C) lever presses across the last 12 d of self-administration. n ϭ 15 yoked-saline; n ϭ 15 yoked-cocaine; n ϭ 22 SA cocaine. Figure 2 . A, Epifluorescence photomicrograph depicting several layer 2 PL neurons that were dye injected with Lucifer yellow. Scale bar, 150 m. B, Mean ϩ SEM for dendritic length and number of branch endings for apical and basal dendrites as a function of treatment group. Downward trends were evident in both groups of rats receiving cocaine, although selfadministered (SA) cocaine rats showed the only significant decrease in apical dendritic length. n ϭ 7 (4.3 cells/rat) yoked-saline; n ϭ 8 (5.9 cells/rat) yoked-cocaine; n ϭ 6 (5.5 cells/rat) SA cocaine. density in layers 2/3 and 5 PL neurons (F (2,31) ϭ 3.7, p ϭ 0.04) that were most prominent in distal (Ͼ150 m) apical dendrites (F (2,31) ϭ 4.2, p ϭ 0.03) and basal dendrites (F (2,31) ϭ 4.2, p ϭ 0.03; Fig. 3D ). In post hoc comparisons, rats that selfadministered cocaine showed an attrition of overall spine density relative to both the yoked-saline (by 20%, p ϭ 0.02) and yokedcocaine groups (by 18%, p ϭ 0.04) and sustained comparable losses within distal apical and basal dendrites ( p Ͻ 0.05 for each). In contrast, yoked-cocaine administration was not found to result in any significant shifts in dendritic spine density at any region of the dendritic tree relative to the yokedsaline group.
Dendritic spine morphology in PL
Because evidence increasingly suggests that a standing population of thin spines in prefrontal cortical neurons may be important for optimal behavioral function (Arnsten et al., 2010; Dumitriu et al., 2010), our subsequent analysis of spines exploited the capabilities of NeuronStudio software to extract morphometric features of every spine quantified from the density analysis and then partitioned them into different functional subtypes (thin, mushroom, stubby; Fig. 4A ). Analysis of spine subtype in across layers 2/3 and 5 neurons in PL as a function of experimental treatment revealed a main effect on thin spine density (F (2,31) ϭ 5.7; p Ͻ 0.01) and regional analyses highlighted prominent attrition within all dendritic compartments analyzed (proximal apical: F (2,31) ϭ 3.5, p ϭ 0.04; distal apical: F (2,31) ϭ 4.6, p ϭ 0.02; basal: F (2,31) ϭ 5.5; p Ͻ 0.01; Fig. 4B ). Post hoc comparisons revealed decrements in overall thin spine density after cocaine self-administration compared with the yoked-saline (22% decrease, p Ͻ 0.01) and yoked-cocaine (17% decrease, p ϭ 0.02) rats. In contrast, neither mushroom nor stubby spine subtypes were affected after either means of chronic cocaine administration (Fig. 4C,D) .
To provide additional information about the effects of chronic cocaine administration on spine morphology in PL pyramidal neurons, we analyzed morphometric parameters regardless of subtype. For this analysis, we focused on spine volume because electron microscopic evidence has identified a strong correlation among spine volume, postsynaptic density area, and the number of presynaptic vesicles (Harris and Stevens, 1989; Knott et al., 2006) . This analysis uncovered main effects for spine volume (F (2,31) ϭ 7.4, p Ͻ 0.01). Strikingly, generalized increases in spine volume were revealed in noncontingent and contingent cocaine groups compared with yoked-saline Cocaine administration (contingnent and noncontingent) produced generalized increases in this measure. *p Ͻ 0.05 relative to yoked-saline group; †p Ͻ 0.05 relative to yoked-saline and cocaine-treated groups. n ϭ 11 yoked-saline; n ϭ 11 yoked-cocaine; n ϭ 12, SA cocaine. Figure 3 . A, Epifluorescence photomicrograph depicting a deep layer 5 PL neuron injected with fluorescent dye (Lucifer yellow). B, 3D digital reconstruction of a dye-filled layer 3 PL neuron. The dashed lines in each image represent a radius of 150 m that was used to partition the apical dendritic tree for spine density quantification (i.e., proximally or distally) as a function of treatment group. C, High-resolution 3D digital images of deconvolved dendritic segments labeled with the fluorescent dye Lucifer yellow illustrating the anatomical detail for spine morphometric analyses. Scale bars: A, 150 m; B, 100 m; C, 10 m. D, Mean Ϯ SEM dendritic spine density in PL neurons as a function of treatment group. Self-administered (SA) cocaine rats showed selective decreases in spine density relative to both yoked groups. *p Ͻ 0.05 relative to yoked-saline-treated group; †p Ͻ 0.05 relative to yoked-saline and cocaine-treated groups. n ϭ 11 yoked-saline; n ϭ 11 yoked-cocaine; n ϭ 12 SA cocaine.
groups ( p Ͻ 0.05 for each; Fig. 4E ), and cumulative frequency analyses verified that group differences were due to upward shifts throughout the population (Fig. 5) . Collectively, these data suggest that cocaine-induced increases in dendritic spine volume are dissociable from the attrition of thin spines after chronic drug self-administration.
Generality of repeated cocaine administration effects to other cortical structures
Ancillary analyses were performed in a subset of rats to examine the impact of repeated cocaine administration on dendritic spine density in other cortical subfields within the frontal pole. Because previous studies have shown that repeated psychostimulant treatment is capable of inducing dendritic spine loss in LO pyramidal neurons (Robinson and Kolb, 1999; Crombag et al., 2005; Gourley et al., 2012) , we subjected a subset of rats used in the analysis of PL for dye filling of neurons in LO (Fig. 6A ). An additional group of cells were loaded in the motor cortex (M1-2 regions) to serve as a possible negative control region relative to putative widespread effects throughout prefrontal regions (Fig.  6B) . Main effects were observed as a function of treatment group (F (2,10) ϭ 30.5; p Ͻ 0.001), with selfadministration cocaine rats showing an 18% decrement in spine density in LO neurons relative to both yoked counterparts ( p Ͻ 0.05 for each comparison; Fig.  6C ). In contrast, M1-2 pyramidal neurons failed to show any differences in spine density as a function of treatment (F (2,10) ϭ 0.3; p ϭ 0.8; Fig. 6D ).
Spine morphologic analyses in LO neurons revealed a similar pattern of regressive plasticity as PL after chronic cocaine administration. A main effect was observed for spine density in LO neurons as a function of treatment (F (2,10) ϭ 13.4; p ϭ 0.001), with a 17% decrease in selfadministration rats relative to both yoked counterparts ( p Ͻ 0.05 for each comparison). Main effects of cocaine treatment were also evident on other spine subtypes in LO neurons (mushroom: F (2,10) ϭ 6.3, p ϭ 0.02; stubby: F (2,10) ϭ 6.7, p ϭ 0.01; Fig. 6C ). In contrast, examination of spine subtypes in M1-2 neurons failed to reveal any trends or main effects (thin: F (2,10) ϭ 0.3, p ϭ 0.7; mushroom: F (2,10) ϭ 2.4, p ϭ 0.2; stubby: F (2,10) ϭ 0.5, p ϭ 0.6; Fig. 6D ).
Selectivity of cocaine contingency effects on PL structural plasticity
Our data suggest that repeated cocaine administration decreases structural indices in mPFC pyramidal neurons, but also is dependent on the contingency of drug treatment. Based upon this potential disparity with previous work, we examined the possibility that cocaine selfadministration effects on structural plasticity in mPFC may be accounted for by drug or learning effects alone. Therefore, in one follow-up experiment, we analyzed the same dendritic and spine morphologic endpoints in layer 2/3 PL neurons using a drug administration protocol that has been previously documented in the literature (daily injections of cocaine for 4 weeks, followed by a 4-week recovery period; Robinson and Kolb, 1999; . However, these analyses failed to reveal any main effects of noncontingent cocaine exposure on any index of structural plasticity (Fig. 7) . In another experiment, rats were trained in a food self-administration learning task that contained a contingency schedule and duration that paralleled cocaine self-administration and this also failed to alter structural plasticity in PL pyramidal neurons (Fig. 8) . Collectively, these data endorse the interpretation from the foregoing experiment that the combination of both repeated cocaine administration and contingency of that administration are necessary for the induction of regressive structural modifications in PL neurons.
Cocaine self-administration increases adrenocortical output and impairs working memory
Adrenocortical activation
Previous evidence suggests that contingent cocaine administration produces more robust activation of the HPA axis than Comparisons are made between yoked-saline and yoked-cocaine groups (A, C, E) and yoked-saline and self-administration cocaine (B, D, F ). Each treatment results in a generalized rightward shift (i.e., increase) in spine volume regardless of cocaine treatment group, suggesting a mechanism leading to enlargement of spines relative to both forms of chronic cocaine administration. Rows show pairwise comparisons of distributions for the total (A, B) , thin (C, D), and mushroom (E, F ) spine population. K-S, Kolmogorov-Smirnov test. noncontingent exposure (Broadbear et al., 1999; Galici et al., 2000; Mantsch et al., 2007) . In the first experiment, we identified gross alterations in adrenal hypertrophy after repeated cocaine self-administration that raise the possibility that longterm effects of repeated cocaine self-administration may be accompanied by augmented HPA activity. Therefore, we undertook additional experiments to address a more direct functional evidence for elevated HPA output over the course of the 14 d of cocaine treatment. To this end, repeated sampling of blood was collected from the tail vein from all groups of rats on days 1 and 12 of training sessions to assay for changes in adrenocortical output. Operant behavior and drug infusion data from this cohort of rats are shown in Figure 9 . Baseline blood samples were collected immediately before the 2 h drug administration session (no samples were taken during drug treatment to avoid disrupting performance during the task) and immediately afterward in 30 min intervals (Fig. 10) . Only rats from which we were able to successfully collect blood samples at every time point throughout the course of the experiment (yoked-saline ϭ 5; yoked-cocaine ϭ 5; self-administration ϭ 7) were included in the analysis. Furthermore, because yoked-saline rats did not show any adrenocortical activation as a function of operant chamber exposure on day 1 of the operant training task (data not shown), they were excluded from the statistical analysis. Principal comparisons entailed two within-subjects factors (comparing plasma corticosterone levels as a function of time interval of blood sampling within days 1 and 14 and comparing differences across these 2 d of sampling) and 1 between-subjects factor (yoked-cocaine vs cocaine self-administration).
Repeated-measures ANOVA revealed main effects for the within-subjects measure of time interval within each day (F (3,30) ϭ 6.49, p Ͻ 0.01) and the interaction between the experimental treatment as a function of day of drug treatment (F (1,10) ϭ 11.00, p Ͻ 0.01). Both groups of rats displayed comparable baseline levels and increases in plasma corticosterone titers in the aftermath of cocaine treatment on day 1 and baseline levels on day 12, whereas rats that self-administered cocaine continued to show enhanced adrenocortical output on the final day of selfadministration compared with yoked-cocaine rats (Fig. 10A) .
Comparison of integrated corticosterone levels on days 1 and 12 highlight the interaction between treatment effects that develop over the course of repeated cocaine self-administration (Fig. 10B) such that rats self-administering cocaine failed to show response decrements in adrenocortical output relative to yoked-cocaine rats.
Working memory
After 2 weeks of cocaine administration and a 2 week withdrawal period (i.e., to match our experimental design for the analysis of dendritic spines in PL), rats were trained in a delayed alternation Figure 6 . A, B, Epifluorescence photomicrographs depicting several pyramidal neurons filled with Lucifer yellow in the LO and M1-2. Scale bar, 100 m. C, Mean Ϯ SEM dendritic spine and subtype densities in LO neurons as a function of treatment group. Self-administered (SA) cocaine rats showed generalized decreases in spine density and subtypes compared with yoked counterparts. *p Ͻ 0.05 relative to yoked-saline group; †p Ͻ 0.05 relative to yoked-saline and cocaine-treated groups. n ϭ 3 yoked-saline; n ϭ 5 yoked-cocaine; n ϭ 5 SA cocaine. D, Mean Ϯ SEM dendritic spine and subtype densities in M1-2 neurons as a function of treatment group. n ϭ 3 yoked-saline; n ϭ 3 yoked-cocaine; n ϭ 5 SA cocaine.
task using a T-maze. This task has been shown to be dependent upon intact mPFC functioning (Divac, 1971; Ramos et al., 2003) and reveals behavioral impairments that are associated with dendritic atrophy and thin dendritic spine loss in PL neurons (Hains et al., 2009; Anderson et al., 2014) . The number of training sessions (i.e., days) required for groups of rats to reach an equivalent level of performance was used as a measure of acquisition (i.e., 80% choice accuracy at a 15 s delay; Ramos et al., 2003) and was not found to be significant (F (2,18) ϭ 3.14, p ϭ 0.07; Fig. 11A ). Repeated-measures ANOVA revealed main effects for delay interval (F (2,36) ϭ 67.18, p Ͻ 0.01), treatment group (F (2,18) ϭ 9.51, p Ͻ 0.01), and interaction of delay interval as a function of treatment group (F (4,18) ϭ 2.73, p ϭ 0.04). Cocaine self-administration rats displayed impairments in delayed alternation relative to the yoked-saline and yoked-cocaine groups at 30 s ( p Ͻ 0.01 and p ϭ 0.01, respectively; Fig. 11B ). At the 60 s delay interval, alternation deficits were enhanced after cocaine self-administration relative to yoked-saline controls ( p Ͻ 0.01); however, these were not significantly different from yoked-cocaine rats ( p ϭ 0.3). In addition, at the 60 s delay, yoked-cocaine rats displayed a nonsignificant trend toward impaired performance relative to yokedsaline rats ( p ϭ 0.07).
Discussion
The present study extends previous work seeking to understand the effects of chronic cocaine administration on structural plasticity in mPFC, a critical region involved in driving relapse to cocaine-seeking behavior (McFarland and Kalivas, 2001; Stefanik et al., 2013). Although we verified that repeated cocaine selfadministration produces altered structural and functional plasticity in mPFC neurons, this contrasted with previous work showing increases in dendritic branching and spine density after similar drug treatments. Instead, we found cocaine-induced structural deficits in PL pyramidal neurons that were distinguished by decreased apical dendritic length and overall reductions in dendritic spine density, most notably within thin spine subtypes. In a further departure from previous work, evidence for mPFC structural reorganization was lacking in rats that received noncontingent cocaine (i.e., either via intravenous yoked procedures or intraperitoneal experimenter administration), with the exception that spine volumes were increased in both yokedcocaine and self-administration groups. Examination of PLdependent spatial working memory revealed decrements in performance that were more prominent in rats that received contingent cocaine and paralleled dendritic spine deficits observed in Figure 7 . Mean Ϯ SEM for dendritic length (A) and number of branch endings (B) after either 4 weeks of repeated cocaine (15 mg/kg, i.p.) or saline injections (5 d/week, followed by a 4-week recovery period). Mean Ϯ SEM for overall (C), thin (D), mushroom (E), and stubby (F ) spine densities as a function of cocaine or saline injections. This regimen of chronic cocaine administration failed to produce any frank differences in any of the dendritic or spine morphologic indices examined in PL neurons. n ϭ 4 saline injection; n ϭ 7 cocaine injection, n ϭ 6 -8 neurons/rat. Figure 8 . Rats underwent food self-administration (SA food) using the same procedures as with cocaine self-administration (FR1 schedule of reinforcement with a 20 s timeout) in 2 h sessions daily for a minimum of 12 d. In addition, some rats (yoked-food) received noncontingent food pellets in a manner yoked to the SA food rats. A, Number of food pellets received across the last 12 d of food self-administration. B, C, Number of active and inactive lever presses across the last 12 d of food self-administration. D-I, Food self-administration did not result in any changes in dendritic (D, E) or spine morphology (F-I ) in PL neurons. This suggests that reinforcement or contextual aspects of the learning procedure per se are not sufficient for the induction of prefrontal structural plasticity. n ϭ 5 yoked-food; n ϭ 6 self-administration food; n ϭ 6 -7 neurons/rat. this same region. Follow-up experiments failed to demonstrate any effects of food self-administration on structural alterations in PL neurons. Consistent with previous evidence supporting a link between the contingency of cocaine administration and the degree of HPA axis engagement, the present study also found that cocaine self-administration produced increased adrenocortical responses on the first and last day of the 2 week session of treatment and adrenal hypertrophy at the end of the withdrawal period. Whereas elevated plasma levels of glucocorticoids have been shown to facilitate both the behavioral and reinforcing effects of cocaine Marinelli et al., 1997; Goeders, 2002; Mantsch et al., 2007; Burke and Miczek, 2014) , our data shed new light on a possible relationship between increased glucocorticoids and mPFC impairment after cocaine self-administration.
Methodological considerations
In contrast to our present findings, previous studies examining the effects of psychostimulant administration on structural plasticity in mPFC have reported increases in dendritic branching and spine density in PL neurons. Whereas much of this evidence is derived from the analysis of spines and dendrites in Golgistained preparations (Robinson and Kolb, 1999; Robinson et al., 2001; Muñoz-Cuevas et al., 2013) , data gathered from 3D electron microscopic and confocal analyses show that the Golgi technique undersamples dendritic spine density by 65-75% and is biased against thin subtypes (Shen et al., 2009; . Another consideration is that our spine morphology analysis revealed that both noncontingent and contingent cocaine administration increased spine volume across all three subtypes examined. Therefore, it is possible that the enlargement of mPFC spines, particularly in thin subtypes (Fig. 5C,D) , in response to psychostimulant treatment could improve their detection in lower-resolution microscopic approaches, leading to spurious results. In addition, our observation of decreases in dendritic spine density in PL neurons may offer a better parallel accounting for deficits in working memory seen in rats after cocaine selfadministration and suggests a more plausible, albeit distinct, set of cellular mechanisms (i.e., regressive instead of growth-like changes) accounting for medial prefrontal impairment in cocaine addiction.
The observation that cocaine may induce regressive structural alterations (e.g., dendritic spine loss) in prefrontal neurons in the rodent brain is not without precedent, although this phenomenon has been considered previously to be exclusive to LO (Robinson and Kolb, 2004; DePoy and Gourley, 2015) . Although these cortical fields are considered complementary elements within a prefrontal network, LO is both functionally and anatomically differentiated from mPFC and is implicated in different aspects of cocaine addiction (Goldstein and Volkow, 2011; Pelloux et al., 2013; Lucantonio et al., 2014; DePoy and Gourley, 2015) . Whereas our examination of LO generally corroborates previous work showing that pyramidal neurons in this region display decrements in dendritic spine density after repeated cocaine treatment, it is noteworthy that these effects were found to be largely exclusive to the self-administration group. Line graphs displaying operant and infusion data from rats submitted to repeated blood sampling and behavioral testing. A, Rats received infusions of cocaine (200 g cocaine/ infusion) or saline across the last 12 d of self-administration. Graphs in middle (B) and right (C) depict active and inactive lever presses, respectively. n ϭ 7 yoked-saline; n ϭ 10 yoke cocaine; n ϭ 11 SA cocaine. Figure 10 . A, Mean Ϯ SEM plasma corticosterone (CORT) levels in rats at various time points before and after cocaine administration on day 1 (left) and day 12 (right). B, Whereas CORT values increased in both yoked and self-administration (SA) cocaine groups on day 1, SA cocaine rats continued to show elevated responses on the last day of drug administration. *p Ͻ 0.05, significantly different from day 1 of drug treatment; †p Ͻ 0.05, significantly different from yoked-cocaine group. n ϭ 5 yoked-cocaine; n ϭ 7 SA cocaine. Figure 11 . A, Histogram representing the average number of days required to reach an equivalent level of performance in the delayed alternation task (Ͼ80% choice accuracy). B, Mean Ϯ SEM for the percentage of correct responses as a function of delay interval and experimental treatment. Self-administered (SA) cocaine-treated rats displayed significant decreases task performance at the 30 s delay interval relative to both yoked groups, whereas decrements at 60 s in the SA cocaine group were significantly decreased only compared with yoked-saline (YS) controls. *p Ͻ 0.05 relative to YS group; †p Ͻ 0.05 relative to YS and yoked-cocaine (YC) groups. n ϭ 7 YS; n ϭ 10, YC; n ϭ 11 SA cocaine.
Role of PL in HPA axis alterations after cocaine self-administration
The mPFC comprises part of a limbic forebrain network of cell groups with the capacity to inhibit stress-induced HPA activation (for recent reviews, see Ulrich-Lai and Herman, 2009; Radley et al., 2015) . HPA-inhibitory influences from mPFC are imparted via stress activation of a subpopulation of PL neurons that projects to a GABAergic relay within the bed nuclei of the stria terminalis, which in turn issues projections to HPA effectors in the paraventricular nucleus of the hypothalamus (Cullinan et al., 1993; Diorio et al., 1993; Figueiredo et al., 2003; Choi et al., 2007; Radley et al., 2009) . Synaptic compromise and diminished activation within this circuit is associated with elevated HPA activity after chronic stress , raising the possibility that repeated cocaine self-administration may further compromise prefrontal HPA-inhibitory mechanisms in part via a glucocorticoid-dependent mechanism. Along these lines, rats that chronically self-administer cocaine show increased HPA axis sensitization and disruptions in glucocorticoid receptormediated feedback (Mantsch et al., 2007) . Considering the importance of PL in regulating HPA activity (Diorio et al., 1993; Figueiredo et al., 2003; Radley et al., 2009) , its structural susceptibility to adrenocortical hormones (Wellman, 2001; Cerqueira et al., 2007; Anderson et al., 2014) , and its role in driving relapse to cocaine seeking (McFarland and Kalivas, 2001; LaLumiere and Kalivas, 2008; Stefanik et al., 2013) , an important next step will be to examine carefully the glucocorticoid dependency of the adverse structural and functional changes in this region resulting from repeated cocaine use.
Disparities in adrenocortical activation after contingent and noncontingent cocaine administration
Upon first glance, the results observed with adrenocortical activation may appear surprising because it might be argued that yoked-cocaine administration should be more stressful compared with cocaine self-administration. Two studies have shown that exposure to noncontingent cocaine is more aversive or anxiogenic than contingent administration (Palamarchouk et al., 2009; Twining et al., 2009) , whereas a substantial amount of evidence indicates that cocaine, whether given in a contingent or noncontingent manner, has both rewarding and aversive effects (Ettenberg, 2004) . However, two points must be considered here. First, increased HPA activity associated with prolonged cocaine self-administration is not equivalent to "chronic stress." A more likely explanation for this verisimilitude is that prolonged cocaine self-administration produces a similar set of neuroadaptations in common neural pathways as chronic stress exposure. These include, but are not limited to, alterations in HPA function, but also prominently feature changes in neural systems mediated by central norepinephrine and extrahypothalamic corticotropin-releasing factor (Rassnick et al., 1993; Sarnyai et al., 1995; Erb et al., 1998; Delfs et al., 2000; Erb et al., 2000; Mantsch et al., 2010) .
Second, although a complex relationship exists between HPA axis alterations and human cocaine addiction, most studies have observed that cocaine administration increases cortisol levels in cocaine addicts and individuals with no previous history of cocaine use (Mendelson et al., 1992; cf. Vescovi et al., 1992; Baumann et al., 1995; Heesch et al., 1995) . Evidence from several laboratory animal species shows robust HPA axis induction in response to contingent and noncontingent cocaine administration (Moldow and Fischman, 1987; Saphier et al., 1993; Broadbear et al., 1999; Galici et al., 2000) . Intriguingly, two separate reports in rats and macaque monkeys showed that acute cocaine self-administration produced a greater degree of HPA activation than yoked-cocaine counterparts (Broadbear et al., 1999; Galici et al., 2000) . Nevertheless, our results speak more to the possibility that prolonged cocaine self-administration is accompanied by a persistent elevation in adrenocortical activity (i.e., increased corticosterone, adrenal hypertrophy) relative to noncontingent exposure and suggest that both the reward contingencies and the physiological effects of cocaine are involved in maintained elevation of HPA activity.
One possible explanation for the maintenance of adrenocortical activation after cocaine self-administration is that the observed dendritic spine impairments in PL reflect a disruption in its capacity to inhibit the HPA axis. Given the high degree of sensitivity of the prefrontal cortex to environmental and biologic factors such as stress, aging, and mental illness (for review, see Arnsten et al., 2010) , cocaine self-administration could induce regressive structural plasticity in PL in which HPA axis perturbations are a secondary consequence.
Although this does not account for how contingent, but not noncontingent, cocaine administration produces PL impairments in the first place, it relates to an extensive literature implicating mPFC an interface for regulating the interaction between conditioned cocaine reward and the stress response (Goeders et al., 2014) and is consistent with prior work indicating that changes in PL-based circuits occur in drug self-administering, but not yoked-drug, rats (McFarland et al., 2003; LaLumiere and Kalivas, 2008) .
Functional considerations
Dendritic spines are labile structures that are highly sensitive to a variety of environmental and physiological stimuli (Yuste and Bonhoeffer, 2001; Nimchinsky et al., 2002; Kirov et al., 2004; Holtmaat et al., 2005; . Changes in dendritic spine number and architecture have been increasingly shown to provide a structural basis for understanding prefrontal-related memory functions, with optimal functioning requiring a standing population of thin spines in pyramidal neurons (Hains et al., 2009; Arnsten et al., 2010; Anderson et al., 2014) . Our results are consistent with this idea because thin spine loss was associated with working memory impairments in cocaine self-administration rats. However, the fact that increases in dendritic spine volume in PL neurons were evident after cocaine selfadministration and noncontingent exposure raises questions as to whether such alterations may also contribute to prefrontal impairment. For example, one report recently correlated increased volume of thin spines in prefrontal pyramidal neurons with cognitive impairment , suggesting that this structural alteration may also contributing to impairment in working memory. However, one caveat in our interpretation is that we did not compare directly dendritic spine alterations in PL and working memory function in individual rats after cocaine administration because acquisition of the learning task itself could influence dendritic spine numbers or morphology and confound our interpretation. At a minimum, these studies shed light on the relationship between the structural synaptic changes that may underlie prefrontal impairments in drug addiction models for future consideration.
Our finding that cocaine self-administration induced selective effects in PL structural plasticity and corresponding working memory impairments is consistent with impaired prefrontal functioning observed in humans after cocaine use. Imaging stud-ies have found decrements in prefrontal gray matter volume and reduced activity during inhibitory control tasks in cocaine addicts (Goldstein and Volkow, 2011) . Moreover, cocaine addicts display behaviors indicative of prefrontal dysfunction, such as inhibitory control deficits, that bear similarities to perseveration of drug seeking (Kaufman et al., 2003; Hester and Garavan, 2004) . Similarly, in rats, cocaine self-administration decreases neuronal excitability and plasticity in the PL region (Sun and Rebec, 2006; Whitfield et al., 2011; Chen et al., 2013) and produces deficits in prefrontal-dependent tasks (George et al., 2008; Sudai et al., 2011) . These data suggest that regressive synaptic plasticity in mPFC neurons may be indicative of a more generalized set of broad effects on a prefrontal network that are produced by repeated cocaine self-administration, contributing to disordered thought and behavior underlying prefrontal impairment in cocaine addiction.
